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© Method of manufacturing a semiconductor device with a heterojunction manufactured by 
implantation with a carbon-halogen compound. 
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© A method of manufacturing a semiconductor de- 
vice whereby a surface zone (3) adjoining a surface 
(2) is formed in a silicon semiconductor body (1) by 
local application of carbon and dopant atoms, the 
carbon atoms being provided by means of implanta- 
tion (4). According to the invention, halogen atoms 
are provided simultaneously with the carbon atoms 
by means of an implantation with ions of a carbon- 


halogen compound, after which a heat treatment is 
carried out such that non-bonded halogen atoms are 
removed from the surface zone (3). 
Such a method is suitable for making a surface zone 
(3) which has a greater bandgap than silicon. The 
surface zone (3) is suitable, for example, for making 
an emitter region of a heterojunction bipolar transis- 
tor (HBT). 
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The invention relates to a method of manufac- 
turing a semiconductor device whereby a surface 
2one adjoining a surface is formed in a silicon 
semiconductor body in that carbon and dopant 
atoms are provided locally, the carbon atoms being 
provided through implantation. 

Such a method is suitable for manufacturing a 
surface zone whose material after implantation with 
the carbon atoms has a greater bandgap than the 
silicon of the semiconductor body. The surface 
zone may be used, for example, as an emitter 
region in a heterojunction bipolar transistor (HBT) 
or as a barrier in a "tunnelling hot electron transis- 
tor". The dopant atoms serve to determine the 
conductivity type of the surface zone. The material 
of the surface zone is given a certain conductivity 
type: p type or n type, in that dopant atoms are 
provided by diffusion or implantation in usual man- 
ner before or after implantation of the carbon. If the 
material of the semiconductor body now has an 
opposite conductivity type, a hetero pn junction is 
created between the surface zone and the semi- 
conductor body. Such a junction may function, for 
example as an emitter-base junction of a HBT. 
Transistors provided with such a heterojunction are 
fast and very efficient. >: 

U£ Patent no. 4,559,696 discloses a method of 
the kind mentioned in the opening paragraph 
whereby the surface zone is formed through im- 
plantation with arsenic and carbon ion$ at an en- 
ergy of approximately 100 keV in a dose of ap- 
proximately 4 I0 16 /cm 2 . A surface zone of n-type 
material having a greater bandgap than silicon is 
created then. The surface zone acts as the emitter 
of a HBT. 

When a transistor with a heterojunction is made 
by the known method, heat treatments are found to 
be necessary in practice after the carbon implanta- 
tion in order to restore damage in the base-emitter 
junction or in the base region, or to activate or 
diffuse the dopant atoms. After such a heat treat- 
ment, however, a number of recombination centres 
remains in the surface zone, which adversely af- 
fects the efficiency and the switching speed of the 
heterojunction transistor. It is further found in prac- 
tice with heat treatments above approximately 
800 • C that the provided dopant atoms diffuse 
from the surface zone, so that a zone implanted 
with carbon and a zone implanted with the dopant 
atoms do not coincide. Thus it may happen as a 
result of th diffusion of dopant atoms from the 
surface zone, for example, that a junction between 
the surface zone of greater bandgap and the s mi- 
conductor body of smaller bandgap does not co- 
incide with a junction between n-type and p-type 
material. Inst ad of a heterojunction, a normal pn 
junction would th n be created in the case of ah 


be difficult in practice to implant a comparatively 
shallow surface zon with carbon atoms because 
carbon atoms on account of their small size al- 
ready penetrate deeply into a material during im- 
5 plantation at low implantation energies; thus a car- 
bon atom penetrates a silicon semiconductor body 
by as much as 0.3 urn deep at an implantation 
energy of 100 keV. 

The invention has for its object inter alia to 
jo counteract the said disadvantages. 

According to the invention, the method is for 
this purpose characterized in that halogen atoms 
are provided simultaneously with the carbon atoms 
by means of an implantation with ions of a carbon- 
75 halogen compound, after which a heat treatment is 
carried out such that non-bonded halogen atoms 
are removed from the surface zone. 

It is achieved by this that the number of re- 
combination centres in the material of the surface 
20 zone is very low after heat treatments above ap- 
proximately 800* C. It is found that free or "dan- 
gling" bonds arise in the surface zone during im- 
plantation. These dangling bonds can form recom- 
bination centres for charge carriers. The halogen 
25 atoms passivate these dangling bonds through the 
formation of Si-halogen compounds. 
Since dopants have a certain affinity to halogens, 
diffusion of dopant atoms from the implanted sur- 
face zone is strongly decelerated, so that the dop- 
30 ant atoms provided practically do not diffuse from 
the surface zone and a "sharp" doping profile is 
created. The junction between the surface zone of 
greater bandgap and the semiconductor body of 
smaller bandgap on the one hand and the junction 
35 between n-type and p-type material on the other 
hand then coincide, whereby a hetero pn junction 
arises. Shallow implantations are possible by the 
method according to the invention, while neverthe- 
less comparatively high implantation energies can 
40 be used. Carbon-halogen compound ions dissoci- 
ate upon hitting the surface of the semiconductor 
body during their implantation. The implantation 
energy is then distributed over the carbon and 
halogen atoms of the compound in proportion to 
45 their masses. Owing to this distribution of the en- 
ergy over several atoms, the penetration depth of 
the carbon and halogen becomes less than when 
the entire implantation energy were concentrated in 
one atom. Moreover, since this distribution is pro- 
so portional to the masses of carbon and the halogen, 
the carbon and the halogen have substantially the 
same penetration depth, so that both carbon and 
halogen atoms are provided throughout the entire 
surface zone. 

55 It is surprisingly found that the quantity of halogen 
atoms is not a critical factor. Non-bond d halogen 
atoms, which ar not used for forming Si-halogen 
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zone, are removed from the surface zone by a- heat 
treatment through diffusion to the surface of the 
semiconductor body, where these atoms are re- 
moved. 

It is noted that the use of fluorine as a means 5 
of replacing Si-H compounds by more stable Si-F 
compounds is known in the provision of an emitter 
region of a HBT in the form of a "chemical vapour 
deposition" (CVD) layer on a silicon semiconductor 
body. See "Si Hetero-Bipolar Transistor with a Flu- 10 
orine-Doped SiC Emitter and a Thin, Highly Doped 
Epitaxial Base" by T. Sugii et al M IEEE Trans. 
Electron Devices, vol. 37 ; no. 11, Nov. 1990, pp. 
2331-2335. After the emitter region has been pro- 
vided by CVD, a layer with a fixed ratio of silicon, 75 
carbon, fluorine and dopant is provided. This layer 
is not subjected to further heat treatments at a 
temperature higher than the temperature during 
CVD. Such an emitter region has an interface be- 
tween the emitter and base regions which is very 20 
difficult to control. 

The halogen used may be, for example, flu- 
orine, chlorine, or bromine. Preferably, the method 
according to the invention is characterized in that 
fluorine is used as the halogen. The fluorine atoms 25 
form a more stable compound with the silicon 
"atoms of the semiconductor body than do chlorine 
or? bromine atoms/so that the material of the sur- 
face zone is more stable at higher temperatures. 

; * ^Examples of carbon-halogen compounds which 30 
may be used are: CF+, CF 2 + t CF 3 + compounds 
comprising two carbon atoms, compounds com- 
prising chlorine or bromine as the halogen, or com- 
pounds comprising other atoms such as, for exam- 
ple, nitrogen or oxygen atoms. An additional advan- 35 
tage is obtained when CF 3 + ions are used as ions 
of the carbon-halogen compound. The implantation 
energy is then a minimum at a given acceleration 
voltage of the implantation machine because the 
compound is positive-monovalent, while this energy 40 
is distributed over one carbon atom and three 
fluorine atoms, so that the energy per atom is 
comparatively low. In addition, CF 3 + ions are com- 
paratively easy to manufacture, so that implantation 
is simple. 45 

Preferably, the implantation of the carbon-halo- 
gen compound ions takes place to a depth of less 
than 0.15 urn below the surface. The depth of the. 
heterojunction, /.e. the d pth of the surface zone is 
then less than 0.15 urn. It is possible to make the so 
electrical resistance of the surface zone in a direc- 
tion perpendicular to the surface of the semicon- 
ductor small with such a shallow surface zone. An 
emitter of a HBT may thus be made which has a 
low emitter resistance, so that electrical losses in 55 
the HBT are small. An implantation of CF 3 + ions 
with an acceleration voltage of 100 k V, for exam- 


zone with a depth of 0.12 urn. 

Preferably, the temperature is chosen to be 
above 800* C during the heat treatment. A quick 
evaporation of the excess implanted halogen atoms 
is safeguarded at such temperatures. For example, 
a heat treatment for five minutes at 900* C is 
sufficient for evaporating the excess implantated 
halogen atoms. 

The dopant atoms are provided in the surface 
zone through diffusion or through implantation and 
activation. Diffusion and activation take place at 
raised temperature. Preferably, the heat treatment 
for the removal of the non-bonded halogen atoms 
is also used for diffusing or activating the dopant 
atoms. Only one heat treatment is necessary in this 
manner. 

The dopant atoms may be provided either be- 
fore or after the implantation of the carbon atoms, 
as desired. An additional advantage is obtained 
when the dopant atoms are provided after the 
implantation with ions of the carbon-halogen com- 
pound. The material of the surface zone is ren- 
dered practically amorphous by the implantation. 
The dopant atoms are then no longer capable of 
penetrating the semiconductor body more deeply 
than the surface zone through, for example, "chan- 
nelling". In addition, the dopant atoms are inhibited 
in their diffusion outside the surface zone by their 
affinity to halogens. 

The surface zone may tie contacted by means 
of, for example, a polysilicon layer. Contacting of 
the surface zone with a metal layer is compara- 
tively difficult Preferably, fewer carbon and halo- 
gen atoms are provided in the surface zone in a 
region adjoining the surface of the semiconductor 
body than deeper in the surface zone, while a 
metal layer is provided on the "surface after the 
heat treatment. A region comprising comparatively 
few carbon and halogen atoms is thus created at 
the surface of the semiconductor body. A better 
electrical connection with a metal layer can be 
made with such a region than with a region in 
which comparatively many carbon and hdlogen 
atoms are provided.. The depth of this region is. for 
example, approximately 10 nm. As the metal layer, 
for example, a usual double layer comprising a 
TiW adhesion layer and an Al contact layer may be 
provided. 

The invention is xplained in more detail below 
by way of example with reference to a few embodi- 
ments and th accompanying diagrammatic draw- 
ing, in which 

Figs. 1 and 2 show stages in the manufacture of 
a heterojunction diode according to the inven- 
tion, and 

Figs. 3 to 6 show different stages in th manu- 
facturing process of a HBT according to the 


5 


EP 0 581 369 A1 


6 


The pictur s ar purely diagrammatic and not 
drawn to scale! Corresponding parts in the Figures 
are generally given the same reference numerals. 

Fig. 1 shows a stage in the manufacture of a 
semiconductor device whereby a surface zone 3 
adjoining a surface 2 is formed in a silicon semi- 
conductor body 1 through the local provision of 
carbon atoms 4 and dopant atoms, the carbon 
atoms being provided by implantation. 

The- surface zone 3 becomes practically en- 
tirely amorphous owing to the implantation with 
carbon ions 4. The material of the surface zone 3 
then has a greater bandgap than the monocrystal- 
line silicon of the semiconductor body 1. Dopant 
atoms are provided in usual manner through diffu- 
sion or implantation in order to define the con- 
ductivity type (n or p type) of the surface zone 3.' 
The surface zone 3 is provided with dopant atoms, 
for example of a type opposite to the dopant atoms 
of the semiconductor body 1, before or after the 
carbon implantation. A hetero pn junction 5 is thus 
created between the surface zone 3 and the semi- 
conductor body 1 % Jhe carbon and the dopant 
atoms are locally provided by usual techniques, for 
example, by implantation through a window 6 pro- 
vided in an oxide layer 7. The hetero pn junction 5 
may act, for example, as an emitter-base junction 
of a heterojunction bipolar transistor (HBT). Such 
transistors are very efficient because the charge 
carriers injected in forward direction are transmitted 
by the heterojunction and charge carriers injected 
in reverse direction are decelerated. , . 

It is found in practice that the carbon ions 4 
penetrate relatively deeply into the semiconductor 
body 1 and cause damage at the hetero pn junc- 
tion 5, and also in the semiconductor body 1 below 
the junction 5. Thus* at an implantation energy of 
100 keV, a carbon atom already penetrates 0.3 urn 
deeply into a silicon semiconductor body 1 and 
causes damage to the silicon lattice there. A heat 
treatment is therefore usually necessary for restor- 
ing this comparatively deep-lying damage. A heat 
treatment may also be necessary, for example, for 
activating implanted dopant atoms. After such a 
heat treatment, however, a number of recombina- 
tion centres remain. The switching speed and the 
efficiency of a transistor with heterojunction are 
below optimum as a result. It is further found in 
practice that the provided dopant atoms diffuse 
from the surface zon 3 into the semiconductor 
body 1 with heat treatments above approximately 
800 • C, so that junctions between regions of great- 
er and smaller bandgap and between regions with 
p-typ and n-type doping do not coincide. 

According to the invention, ther for , halogen 
atoms are provided simultaneously with the carbon 
atoms by means of an implantation with ions of a 


ment is carried out such that non-bonded halogen 
atoms are removed from the surface zone 3. 

Free or "dangling" bonds of silicon, which can 
form recombination centres, are passivated by the 

5 measure according to the invention through the 
formation of silicon-halogen compounds. Such 
compounds are very stable at temperature^ above 
approximately 800* C, so that the number of re- 
combination centres becomes minimal after a heat 

w treatment. Diffusion of dopant atoms from the im- 
planted surface zone 3 is strongly decelerated be- 
cause dopant atoms have a great affinity to halo- 
gen atoms. A doping profile then arises which is 
strongly limited by the presence of the halogen 

75 atoms, as a result of which the transition between 
regions of greater and smaller bandgap coincides 
with the transition between regions with p-type and 
n-type doping, and a hetero pn junction 5 is cre- 
ated. Shallow implantations are possible at com- 

20 paratively great implantation energies with the 
method according to the invention. This is because 
the ions of the carbon-halogen compound dissoci- 
ate upon hitting the surface 2 of the semiconductor 
body 1. The implantation energy is then distributed 

25 over the carbon and halogen atoms of the com- 
pound in proportion to their masses. The carbon 
and the halogen then, have practically the same 
penetration depth, so that both carbon and halogen 
atoms are provided over the entire surface zone 3. 

30 It is surprisingly found that the quantity of halogen 
atoms is not a critical factor. It is found in practice 
that, when the quantity of carbon atoms and the 
quantity of halogen atoms are practically the same, 
this is sufficient for achieving the said advantages. 

35 Halogen atoms not used for forming Si-halogen 
compounds in the passivation of the surface zone 3 
are practically non-bonded. These halogen atoms 
are removed from the surface zone 3 by the heat 
treatment. 

40 The halogen used may be, for example, flu- 
orine, chlorine, or bromine. Preferably, however, 
fluorine is used as the halogen. The fluorine atoms 
form a more stable compound with the silicon 
atoms of the semiconductor body than do the 

45 chlorine or bromine atoms, so that the material of 
the surface zone is more stable at higher tempera- 
tures. 

Examples of carbon-halogen compounds which 
can be used are: compounds with one, two or more 

so carbon atoms, compounds comprising fluorine, bro- 
mine or chlorine as th halogen, or the said com- 
pounds with in addition oth r atoms such as, for 
example, nitrogen or oxygen atoms. Nitrogen and 
oxygen atoms are also capable of increasing the 

55 bandgap of the material of the surface zone 3 as 
compared with silicon. Pr ferably, CF 3 + ions are 
used as the ions of th carbon-halog n compound. 
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acceleration voltage of the implantation machine in 
that case because the compound is positive-mon- 
ovalent, while the said energy is distributed over 
one carbon atom and three fluorin atoms, so that 
the energy per atom is comparatively low. In addi- s 
tion. implantation is comparatively easy to realise, 
with CFa* ions. 

Preferably, the implantation of the ions of the 
carbon-halogen compound takes place to a depth 
of less than 0.15 um below the surface. The hetero w 
pn junction 5 then lies at a depth of less than 0.15 
urn below the surface 2. Since the electrical resis- 
tance of the surface zone 3 in a direction per- 
pendicular to the surface 2 is directly proportional 
to the depth of the surface zone 3. a small elec- is 
trical resistance of the surface zone. 3 can be 
realised through a sma|l depth of the surface zone 
3. This is especially important when the surface 
zone 3 is used as the emitter region of an HBT. 
The electrical losses in the HBT will then be com- 20 
paratively smatfl. For example, the heterojunction 5 
will lie at a depth of 0.12 urn below the surface 2 
with an implantation of CF 3 + ions at an acceleration 
voltage of 100 keV. 

Preferably, the temperature is chosen to be 25 
above 800* C during the heat treatment The non- 
bonded implanted halogen atoms can be removed 
comparatively quickly at such temperatures. For 
example, a heat treatment of 5 minutes at 900 • C 
aftar an implantation of 3 10 1C CFaVcm 2 is suffi- 30 
cient for removing the non-bonded fluorine atoms 
and for retaining approximately 3 10 1S fluorine/cm 2 
in the surface zone 3. 

The dopant atoms are provided through diffu- 
sion or through implantation and activation. Diffu- ' 35 
sion and activation take place at increased tem- 
perature. Preferably, the heat treatment for the 
removal of the non-bonded halogen atoms is also 
used for diffusing or activating the dopant atoms. 
The heat treatment may take place in usual manner 40 
in a furnace, or by means of a so-called rapid, 
thermal anneal process. 

The dopant atoms may be provided either be- 
fore or after the implantation of the carbon atoms. 
An additional advantage is obtained when the dop- 4S 
ant atoms are provided after the implantation: with 
ions of the carbon-halogen compound. The im- 
plantation renders the material of the surface zone 
practically entirely amorphous. The dopant atoms 
then can no longer penetrate into the semiconduc- 50 
tor body 1 beyond the surfac zon 3 through 
channels in the silicon lattice ("channelling"). Since 
the halogen atoms are already present during the 
provision of th dopant atoms, th dopant atoms 
are decelerated In their diffusion outside the sur- 55 
face zone 3 by th ir affinity to halogens. 

Preferably, fewer carbon and halogen atoms 
are provided in the surface zone 3 in a reoion A 


adjoining the surface 2 of the semiconductor body 
1 than deeper in the surface zone 3< while a metal 
layer 9 is provided on the surface 2 (see Fig. 2) 
after the heat treatment. A region 8 comprising , 
comparatively few carbon and halogen atoms is 
created thereby at the surface 2 of the* semicon- 
ductor body. A better electrical connection can be 
made to such a region 8 than to a region 3 having 
a comparatively great bandgap in which compara- 
tively many carbon and halogen atoms are pro- 
vided. This is because a material having a com- 
paratively great bandgap is difficult to contact with 
a metal layer because of the sc-called Schottky 
barrier. A region 8 with a depth of, for example, 10 
nm may be made through a suitable choice of the 
implantation energy and dose, for example, 5 
10 :G /cm 2 CF ? + implantation at 45 keV. This region 
8 becomes polycrystalline after the heat treatment. 
Contacting of this polycrystalline silicon is com- 
paratively easy. The metal layer provided may b , 
for example, a conventional aluminium layer 9. 

The manufacture of an ripn heterojunction bi- 
polar transistor (HBT) is now described by way of 
example. Figs. 3 to 6 show different stages in the 
manufacture cA this HBT. An n-type silicon semi- 
conductor body 11 comprising a comparatively 
highly doped (n + ) substrate 12 and a less highly 
doped (n~) layer 13 provided, on the substrate 
through epitaxy is provided in usual manner with a 
base layer 14 by implantation of B ions (see Fig. 
3). The base layer 14 forms the base region of the 
transistor. In a next step, a mesa structure is real- 
ised in the n" layer 13 and in the base layer 14 
(see fig. 4) by means of usual photolithographic 
and etching techniques. The mesa structure of Fig. 
4 is covered by the provision of an oxide layer 15, 
for example, through dissociation of tetraethox- 
ysiiane (TEOS) from the gas phase (see Fig. 5). A 
window 16 is locally etched into this oxide layer 15 
by usual techniques. A surface zone 18 adjoining a 
surface 17 is formed through this window 16 by the 
simultaneous provision of carbon and fluorine 
atoms in an implantation of 5 10 16 /cm 2 CF 3 + ions at 
an energy of 45 keV. After the CF 3 + implantation, 
phosphorus is provided as the dopant atom in an 
implantation of 5 10 1S P/cm 2 at an energy of 50 
keV. The surface zone 18 is then approximately 0.1 
um deep, whle in a region 20 of approximately 10 
nm deep below the surface 17 fewer carbon and 
fluorine atoms are present than deeper in the sur- 
face zone 18. The semiconductor device is subse- 
quently given a heat treatment for 30 minutes at 
900 • C for activating the dopant atoms, restoring 
any damage, and removing any non-bonded flu- 
orine atoms. After the heat treatment, the fluorine 
concentration in the surfac zone 18 is approxi- 
mately 5 10 te /cm 2 The surface zone 18 acts as the 
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vided in the oxide layer at some distance from the 
emitter contact 21. A p + r gion 23 is prbvid d 
through this window by means of a B implantation 
in usual manner for contacting the base region' 14. 
The emitter and base region 21 and 23 are pro- 
vided with contact connections 21 and 24, respec- 
tively, in usual manner, in the present example 
made of aluminium. The lower side of the substrate 
12 \s also provided with a conducting aluminium 
layer 25 serving as the collector connection. The 
HBT may be finished in usual manner by mounting 
on a connection frame and enveloping in synthetic 
material. 

The invention is not limited to the embodiment 
described above, but can also be used in, for 
example, IC applications or in integrated injection 
logic (PL), where a heterojunction is desired be- 
cause of the higher efficiency. The material of the 
surface zone having a bandgap greater than that of 
silicon may also be used in the barriers of tunnel- 
ling hot electron transistors. 

Claims 

1. A method of manufacturing a semiconductor 
device whereby a surface zone adjoining a 
surface is formed in a silicon semiconductor 
body in that carbon and dopant atoms are 
provided locally, the carbon atoms being pro- 
vided through implantation, characterized in^ 
that halogen atoms are provided simultaneous- 
ly with the carbon atoms by means of an 
implantation with ' ions of a carbon-halogen 
compound, after which a heat treatment is car- 
ried out such that non-bonded halogen atoms 
are removed from the surface zone. 

2. A method as claimed in Claim 1, characterized 
in that fluorine is used as the halogen. 

3. A method as claimed in Claim 2, characterized 
in that CF 3 + ions are used as ions of the 
carbon-halogen compound. 

4. A method as claimed in any one of the preced- 
ing Claims, characterized in that the implanta- 
tion of the carbon-halogen compound ions 
takes place to a depth of less than 0.15 urn 
below th surfac . 

5. A method as claimed in any one of the preced- 
ing Claims, characterized in that the tempera- 
ture is chosen to be above 800 • C during the 
heat treatm nt. 

6. A method as claimed in any one of the pr ced- 
ing Claims, characterized in that the heat treat- 


gen atoms is also used for diffusing or activat- 
ing the dopant atoms. 

7. A method as claimed in any one of the preced- 
s ing Claims, characterized in that the dopant 

atoms are provided after the implantation with 
ions of the carbon-halogen compound! 

8. A method as claimed in any one of the preced- 
w ing Claims, characterized in that fewer carbon 

and halogen atoms are provided in the surface 
zone in a region adjoining the surface of the 
semiconductor body than deeper in the sur- 
face zone, while a metal layer is provided on 
is the surface after the heat treatment. 
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